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ABSTRACT
Integrated Management of Downy Brome (Bromus tectorum L.) Infested Rangelands

by

Heather Elwood, Master of Science
Utah State University, 2013

Major Professor: Dr. Corey V. Ransom
Department: Plants, Soils, and Climate

Downy brome infested rangelands are a concern in the western United States,
negatively affecting wildlife habitat, fire regimes, biodiversity, livestock grazing, and
recreation. Field and greenhouse studies were conducted to identify and evaluate
chemical and mechanical methods of downy brome management.
The field study, at Dinosaur National Monument, evaluated the effect of seed
production prevention measures alone (glyphosate at 193 g ai ha-1, clipping, an untreated
control) and in combination with fall preemergence herbicide treatments. At each site
within the Monument, the Josie Morris Ranch and Echo Park, plots were arranged in a
completely randomized design at each location. Seed production prevention was the
whole-plot with fall herbicide treatments as the subplots with four replicates. Treatments
in the fall included: an untreated control, imazapic at 70, 105, 140, 175, and 210 g ai ha-1,
sulfosulfuron at 70 g ai ha-1, and rimsulfuron at 53 g ai ha-1. Data collection from 2010 to
2012 included canopy cover evaluations, biomass harvest, and density measurements.
Plants were also harvested at immaturity and maturity in 2010 to determine the effect of
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whole plot treatments on the number of seeds produced and their viability. All treatments
reduced downy brome cover 1 year after treatment (YAT) at both sites. However, 2YAT
only effects from the premergence herbicide treatments remained significant in reducing
downy brome cover at the Josie Morris Ranch.
The greenhouse study evaluated the effect of two rates each of aminopyralid (123
g ae ha-1 and 245 g ae ha-1) and aminocyclopyrachlor (140 g ai ha-1 and 280 g ai ha-1) in
comparison to imazapic (105 g ai ha-1 and 210 g ai ha-1) and an untreated control on the
germination, emergence, and growth of four invasive grasses. Trials were conducted in
petri dishes and in pots of field soil. Herbicides were applied preemergence.
Germination or emergence counts were conducted over 14 (petri dishes) or 28 (soil
grown) days. Plants were harvested, root and shoot length were measured, and biomass
was weighed. All rates of aminopyralid and aminocyclopyrachlor had at least as great an
effect on reducing germination, emergence, and overall growth of the seedlings as did
imazapic.
(94 pages)
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PUBLIC ABSTRACT

Integrated Management of Downy Brome (Bromus tectorum L.) Infested Rangelands

by

Heather Elwood, Master of Science
Utah State University, 2013

Major Professor: Dr. Corey V. Ransom
Department: Plants, Soils, and Climate
Invasive weed species are a threat to the health and functionality of many
rangeland systems. Downy brome (Bromus tectorum) is an invasive annual grass that
affects the productivity of rangelands by decreasing the grazing capacity for livestock as
well as altering the wildfire cycle and competing against more desirable vegetation for
limited resources.
In 2006, an Invasive Plant Management Plan and Environmental Assessment was
approved for Dinosaur National Monument, calling for prioritization of invasive species
management on high value wildlife habitat, vector areas, and for species with a high
ecological impact. The Cub Creek Watershed was identified as a priority for immediate
attention due to its high historical, recreational, and environmental significance.
This research was another phase of an integrated effort to manage vegetation in
the Cub Creek Watershed and surrounding rangelands. Field work at two locations
within Dinosaur National Monument was coupled with greenhouse experiments to
evaluate chemical and mechanical methods of downy brome seed reduction and control,
and to evaluate the response of four weedy grasses to herbicides used in broadleaf weed
management practices.
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CHAPTER 1
DOWNY BROME BIOLOGY AND MANAGEMENT LITERATURE REVIEW
History

Downy brome (Bromus tectorum), commonly called cheatgrass, originated in the
Mediterranean region. The name Bromus tectorum is derived from the Greek ‘broma’ or
‘bromos’ meaning a kind of food or oat and the Latin ‘tector’ or ‘tectum’ meaning roof or
one who overlays (Upadhyaya et al. 1986). Other, less common, names include: downy
chess, bronco grass, mormon oats, junegrass, early chess, drooping brome, downy cheat,
cheat, slender chess, and military grass (Thill et al. 1984; Upadhyaya et al. 1986).
Downy brome was first introduced into the United States as a seed contaminant,
in packing materials, and in ship ballast. Differing accounts list it as first being identified
in New York and Pennsylvania in 1861 and its first appearance in the western United
States in Denver in the late 1800s (Morrow and Stahlman 1984; Skinner et al. 2008). It
was introduced intentionally at the college experimental farm in Pullman, Washington in
1898 in search for new grasses to replace those that had been decimated by overgrazing,
and was reportedly peddled in 1915 as “100-day grass” (Mack 1981; Upadhyaya et al.
1986). After its various introductions, and due to its ability to thrive in both rangeland
and cereal grain fields, it spread quickly, and by 1930 downy brome had become one of
the dominant grasses in both the Pacific Northwest and the Intermountain West; it is now
estimated to infest approximately 41 million hectares in the western United States (Mack
1981; Skinner et al. 2008).
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Distribution and Habitat

Downy brome is found throughout the United States, except the southeastern
states, as well as in most of Canada and throughout Mexico, being most prevalent in the
Great and Columbia Basins (Morrow and Stahlman 1984; Thill et al. 1984).
Downy brome is not demanding in its requirements and occurs mainly on
roadsides, pasture and rangeland, cropland, and waste places (Morrow and Stahlman
1984; Skinner et al. 2008). Areas where rainfall occurs in the fall and winter are
particularly well suited for its late season germination and growth. It does not tolerate
saline soils, but will do well in any other soil type or texture that is well drained,
regardless of fertility (Skinner et al. 2008; Upadhyaya et al. 1986). Areas that are
particularly vulnerable to invasion by downy brome share similar characteristics: high
solar radiation (such as south facing slopes), disturbance from roads or fire, low perennial
herbaceous cover (Sherrill and Romme 2012).

Morphology

Downy brome is a single to multi-culmed plant that grows 4 to 60 cm tall and is
capable of flowering at even its shortest height (Hulbert 1955; Klemmedson and Smith
1964). Although it is not a bunchgrass, downy brome often grows in tufts (Skinner et al.
2008; Upadhyaya et al. 1986). Stems are erect, slender, and usually glabrous; though at
times slightly pubescent (Upadhyaya et al. 1986). The leaves and sheathes of downy
brome are light green and pubescent, flat, and narrow, measuring approximately 2 to 5
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mm wide and as much as 20 cm long (Morrow and Stahlman 1984; Skinner et al. 2008;
Upadhyaya et al. 1986).
The root system is finely divided and fibrous with few (an average of 7) main
roots (Hulbert 1955; Klemmedson and Smith 1964). The roots are generally shallow,
only extending 30 cm deep as well as laterally; however, there are accounts of roots
reaching 2 m in depth (Hulbert 1955; Klemmedson and Smith 1964).
Inflorescences on downy brome are large (5 to 20 cm long), open, soft, drooping
panicles, often times densely branched. These panicles change color throughout the year
from a light green in the spring, to a purplish-red as it matures, to a buff-tan color when
completely mature (Skinner et al. 2008; Upadhyaya et al. 1986; Morrow and Stahlman
1984; Klemmedson and Smith 1964). Each branch of the inflorescence has up to 8
spikelets, each of which are 1.5 to 2 cm long and contain 2 to 8 florets each (Skinner
2008; Upadhyaya et al. 1986; Klemmedson and Smith 1964). An individual floret
measures 10 to 19 mm and tapers to a sharp point, each floret gradually reducing in size
as it nears the tip of the spikelet (Klemmedson and Smith 1964; McKone 1985; Skinner
et al. 2008). Each floret is capable of producing only one caryposis, hereafter referred to
as “seed”, though some florets are not sufficiently large to produce and contain functional
seed (McKone 1985). The glumes are shorter than the florets and are slightly pubescent
(Skinner et al. 2008). The lemmas are lanceolate and toothed, glabrous to densely hairy,
and have a nearly straight awn reaching 7 to 18 mm (Morrow and Stahlman 1984;
Skinner et al. 2008).
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Biology

Downy brome is considered a winter annual, reproducing strictly by seed, which
germinates in the fall or spring depending on the climate and rainfall (Morrow et al.
1977; Skinner et al. 2008). If rainfall is sufficient for germination in the fall, the plant
overwinters in a semi-dormant vegetative state (Newman1963; Thill et al. 1984). When
the seeds don’t germinate until spring, panicle production decreases, as does the time
from emergence to heading, suggesting that a possible vernalization requirement exists
for normal flowering (Hulbert 1955; Thill et al. 1984).
Flowering occurs from April to June depending on the location and climate
(Skinner et al. 2008). Anthesis occurs over a period of time with the lower florets on a
spikelet blooming first, working its way towards the tip (McKone 1985). Downy brome
inflorescences are largely to exclusively self-pollinated, and once fertilization takes place,
caryopsis formation follows rapidly (Finnerty and Klingman 1962; Hulbert 1955;
McKone 1985; Thill et al. 1984).
Downy brome is well adapted to prolific seed production under a wide range of
conditions, ensuring the establishment and maintenance of future populations
(Klemmedson and Smith 1964; Morrow et al. 1977; Upadhyaya et al. 1986). On average,
each plant produces 25 seeds; yet, a single, many-tillered plant is capable of producing
5,000 seeds, and there may be up to 450 kg of seeds produced per hectare (Upadhyaya et
al. 1986; Young et al. 1987). However, seed production is density dependent, with a
lower density of plants yielding increased amount of seed per plant (Young et al. 1969).
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There are reports of 90% viability when seeds begin to turn purple and viable caryopses
have been found at the premilk and dough stages (Thill et al. 1984).
At maturation, downy brome seeds show some degree of dormancy which is
gradually lost during the afterripening process where physiological changes within the
seed increase germination ability in response to temperature and soil moisture (Allen and
Meyer 2002; Newman 1963; Steinbauer and Grigsby 1957). Fully afterripened seeds
may germinate simultaneously when they receive sufficient fall moisture, though
environmental changes may alter it to a continuous germination into the spring (Morrow
et al. 1977; Thill et al. 1980; Young et al. 1969). Seeds remain viable for many years
under dry storage conditions, but are generally only persistent in the soil for 3 years or
less (Hulbert 1955; Morrow et al. 1977; Smith et al. 2008; Upadhyaya et al. 1986).
Florets shatter within a few weeks of maturity (Hulbert 1955; Upadhyaya et al.
1986). Dissemination occurs via the long awns which get caught in skin, fur, and
clothing. Seed is also spread through contaminated grain and straw, farm machinery,
rodents, and for very short distances in the wind (Upadhyaya et al. 1986). Most, if not
all, of the seeds germinate under favorable conditions during the first year (Allen and
Meyer 2002; Hulbert 1955; Steinbauer and Grigsby 1957). If germination does not
occur, the seeds acquire a longer dormancy, which contributes to the soil seed bank
(Young and Longland 1996).
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Ecology

Downy brome dominates more than 40 million hectares of sagebrush steppe
wildlands in the United States (Allen and Meyer 2002). It is a successional species
following Russian thistle (Salsola tragus L.), flixweed (Descurainia sophia (L.) Webb.
Ex Prantl), and tumble mustard (Sisymbrium altissimum L.) within 5 years of disturbance,
though it is also considered an invader or colonizer species because of its high seed
production capability (Morrow and Stahlman 1984; Piemeisel 1951). Downy brome is at
the apex of a successional pyramid because of its effectiveness at competing for moisture,
using half the amount as mustards and only a fifth as much as Russian thistle (Piemeisel
1951; Young and Longland 1996).
Its first success is attributed to disturbances such as grazing and cultivation. Now,
it is also associated with dramatically increased fire frequency, changing what once was a
60 to 110 year fire cycle to a cycle of 5 years or less (Allen and Meyer 2002). Downy
brome provides a dense, fine textured fuel that is dry by mid July and easily ignitable,
burning quickly and spreading rapidly (Klemmedson and Smith 1964; Young et al.
1987). Burning may be an effective control measure by reducing the soil seed bank and
allow seeding of perennials. However, many times burning only enhances dominance of
downy brome in later years because downy brome competes well with perennial plants
during the first 2 years after a fire by depleting the soil water (Buman and Abernathy
1988; Melgoza et al. 1990).
Downy brome has historically provided ranchers in the Intermountain West and
Pacific Northwest with early spring grazing, but the grazing window is small due to its
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early maturation (Buman and Abernathy 1988; Morrow and Stahlman 1984). Another
disadvantage to grazing downy brome is the sharp, long awns, which irritate the mouths,
noses, and eyes of livestock who graze it (Klemmedson and Smith 1964; Young et al.
1987).
Medusahead (Taeniatherum caput-medusae (L.) Nevski), is another annual
invasive grass that overlaps downy brome in its ecological requirements. The
competition between the two grasses may allow for possible medusahead domination of
current downy brome sites (Young et al. 1968). This is a concern because medusahead
cannot be utilized as an early-spring forage like downy brome, and because it reduces
grazing capacity of a site by 40 to 75% (Bovey et al. 1961; Young et al. 1968).

Control/Management Practices

Chemical. Herbicide applications are the most common method of long-term
weed control for most rangeland systems (DiTomaso 2000). There are few herbicides
that have been used to successfully control downy brome on rangeland. Historically,
atrazine, pronamide, glyphosate, and paraquat have been investigated for use (Evans and
Young 1977; Whitson and Koch 1998). More recently, other herbicides have been
investigated for use in controlling downy brome.
Imazapic, a widely used herbicide in annual grass control and revegetation
projects on rangeland, is effective against downy brome when applied either
preemergence or postemergence (Kyser et al. 2007). Studies have shown that as
imazapic rates increase, downy brome cover decreases; also, better control was seen
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when preemergence applications of imazapic were made (Kyser et al. 2007; Morris et al.
2009). However, imazapic can damage perennial forage grasses if applied to newly
seeded or establishing grasses, especially at higher rates (Sheley et al. 2007; Shinn and
Thill 2004).
Sulfonylurea herbicides, such as sulfosulfuron and rimsulfuron, have also been
shown to be very effective in controlling downy brome (Alford et al. 2008; Monaco and
Creech 2004; Zhang et al. 2010). Sulfosulfuron caused significant injury and death to
downy brome when applied in either spring or summer, but without significantly injuring
many desirable grasses (Monaco and Creech 2004). Rimsulfuron provided 97 to 99%
downy brome control at rates of 53 to 56 g ai ha ̄¹ (Alford et al. 2008).
Recent research indicates that glyphosate, in addition to use as a broad spectrum,
non-selective herbicide, can also be used as a selective herbicide to remove or reduce
downy brome from perennial grass stands when low rate applications are made at early
growth stages of downy brome (Creech, personal communication). In a similar study, it
was shown that medusahead, another invasive annual grass, could be controlled with low
rates of glyphosate without any long-term damage to the big sagebrush community
(Kyser et al. 2012b).
In the Cub Creek Watershed of Dinosaur National Monument, it was noticed that
downy brome was suppressed for one year after Russian knapweed (Acroptilon repens
(L.) DC.) treatment with aminopyralid (Tamara Naumann, personal communication).
Aminopyralid, a plant growth regulator herbicide commonly used on broadleaf weeds, is
showing potential for use in controlling exotic annual grasses (Rinella et al. 2010a). In
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studies conducted by Rinella et al. (2010b), when applied postemergence, aminopyralid
reduced the amount of seed produced by Japanese brome (Bromus japonicusThunb. Ex
Murr.), yet little injury to perennial grasses occurred. DiTomaso and Kyser (2011) made
preemergence applications of aminopyralid to medusahead, and at rates of 131 g ae ha-1
reduced seedling vigor by 85%. Kyser et al. (2012a) also showed that aminopyralid had
a negative effect on annual grasses, specifically medusahead, when applied pre or early
postemergence.
Another herbicide with potential activity on annual grasses is
aminocyclopyrachlor (DPX-MAT28). Relatively new, aminocyclopyrachlor is a
synthetic auxin herbicide with proposed use on broadleaf weeds in nonagricultural areas,
industrial sites, and natural areas (Finkelstein et al 2009; Kniss and Lyon 2011). In
studies with winter wheat, Kniss and Lyon (2011) showed that aminocyclopyrachlor
reduced wheat yield (seed production) without significantly reducing biomass. While
reducing seed production of wheat is a problem in cropland, this mechanism could be
advantageous in managing downy brome.
Cultural. Cultural methods of downy brome management include grazing and
burning, which can both provide significant short-term control.
Targeted grazing can suppress invasive annual grasses when applied at the right
time and intensity, and also has the potential to reduce fuel loads and change community
composition (Diamond et al. 2009; Diamond et al. 2012; Hempy-Mayer and Pyke 2008;
Mosley and Roselle 2006). Targeted grazing can suppress invasive annual grasses when
applied at the right time and intensity (Hempy-Mayer and Pyke 2008; Mosley and

10
Roselle 2006). For maximum reduction of seed production, plants should be grazed close
to the ground and before the purple stage, or during the boot stage (Diamond et al. 2009;
Hempy-Mayer and Pyke 2008). When grazed before seed set, the annual grasses are still
relatively nutritious and could be beneficial to livestock producers who use downy brome
as spring forage and to land managers seeking to reduce downy brome populations within
the landscape (Morrow et al. 1977; Mosley and Roselle 2006; Stewart and Hull 1949).
As noted previously, though fire can be a useful tool, downy brome infestations
may increase after burning (DiTomaso 2000). A positive feedback system forms when
fires occur in low precipitation rangelands where downy brome is already established
(Sherrill and Romme 2012). These areas are often converted from sagebrush-bunchgrass
communities to annual grass dominated communities which burn more frequently than
the surrounding native rangelands, eventually killing the perennial grasses which cannot
tolerate the repeated burning with little time for recovery (Davison 1996; Sherrill and
Romme 2012; Stewart and Hull 1949). Other detriments to using fire as a management
tool include the presence of a downy brome seedbank during burning, or using
contaminated seed for revegetation post-fire due to downy brome’s ability to outcompete
seedlings of perennial species (Sherrill and Romme 2012; Svejcar 1990).
Mechanical. Mowing, like grazing, can also provide significant short-term
control by reducing biomass and potential seed production through defoliation.
However, achieving acceptable downy brome control by mowing is a function of timing.
Studies have shown that downy brome, when mowed early in the juvenile stage before
flower development, is capable of quick regeneration and able to complete its life cycle.
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If mowed at later stages of development, even as early as initial seed set, the seed is more
likely to be viable, reducing the effectiveness of mowing (Finnerty and Klingman 1962;
Hulbert 1955).

Research Objectives

Previous control methods have combined herbicides such as imazapic with a
burning treatment in order to attain maximum control (Monaco et al. 2005). However,
due to location or climatic conditions, it is not always possible to use a burning treatment
prior to herbicide application. Our research investigated downy brome control,
combining mowing or spring applied glyphosate to reduce the number of seeds available
to germinate, with imazapic, rimsulfuron, and sulfosulfuron applied in the fall to control
germinating seedlings.
The objectives of this research were to 1) determine the effect of seed production
prevention methods in combination with varying rates of fall applied herbicides on
downy brome in rangelands, 2) evaluate the effect of seed production prevention methods
on seed germination, and 3) evaluate the germination response of downy brome and other
annual grass weeds such as medusahead, foxtail barley (Hordeum jubatum L.), and feral
rye (Secale cereal L.) to preemergence applications of aminopyralid and
aminocyclopyrachlor, both broadleaf herbicides, as compared to imazapic in order to
formulate improved weed management strategies in mixed stands of broadleaf and annual
grass weeds in rangelands.
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CHAPTER 2
INTEGRATED MANAGEMENT OF DOWNY BROME (BROMUS TECTORUM L.)
IN DINOSAUR NATIONAL MONUMENT

Abstract

Downy brome infested rangelands are a major concern in the western United
States, including within Dinosaur National Monument where it negatively affects
ecosystem biodiversity, livestock grazing, accelerates the fire cycle, and has a negative
effect on recreation. This study was conducted to evaluate the effect of spring-time seed
reduction measures alone (glyphosate at 193 g ai ha-1 or clipping at the purple growth
stage of downy brome and an untreated control) and in combination with fall applied
preemergence herbicide treatments. Two sites were selected within Dinosaur National
Monument, at the Josie Morris Ranch and at Echo Park. At each site plots were arranged
in a completely randomized design with seed production prevention as the whole-plots
and fall herbicide treatments as the subplots with four replicates. Fall treatments
included: an untreated control, imazapic at 70, 105, 140, 175, and 210 g ai ha-1,
sulfosulfuron at 70 g ai ha-1, and rimsulfuron at 53 g ai ha-1. Canopy cover evaluations
and biomass sample collections were made in spring and summer of 2010, 2011, and
2012. Density data of downy brome was collected in spring 2011. Plants were harvested
at immaturity (time of clipping) and maturity to determine the effect of whole plot
treatments on the number of seeds produced and their viability. All treatments reduced
downy brome cover 1YAT at both sites. However, 2 YAT, only effects from the
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premergence herbicide treatments remained significant in reducing downy brome cover at
the Josie Morris Ranch.

Introduction

Downy brome (Bromus tectorum L.), an introduced invasive grass, dominates
more than 40 million hectares of sagebrush steppe wildlands in the United States (Allen
and Meyer 2002). Although downy brome is found throughout the United States and
many parts of Mexico and Canada, it is predominately found in the Great and Columbia
Basins, and is the most dominant weed species in the Intermountain West (DiTomaso
2000; Morrow and Stahlman 1984; Thill et al. 1984). The success of downy brome is
due, in part, to its plasticity and its prolific seed production (Blank and Morgan 2012).
Downy brome, a winter annual, reproduces strictly from seed that germinates in
the fall, winter, or spring depending on the climate and rainfall (Morrow et al. 1977;
Skinner et al. 2008). Complete germination in a single season rarely occurs, as the plant
is programmed for continuous germination under suitable conditions (Morrow et al.
1977).
Flowering occurs from April to June, and like germination, is also dependent on
the location and climate (Skinner et al. 2008). Across downy brome communities, the
annual precipitation is quite variable, especially precipitation in the spring (Evans et al.
1970). This variability in spring precipitation can influence the length of the growing
season and reproductive phenology of downy brome (Bradley and Mustard 2004; Evans
et al. 1970).
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Downy brome exhibits prolific seed production under a wide range of conditions,
ensuring establishment and persistence of the population (Evans et al. 1970; Klemmedson
and Smith 1964; Upadhyaya et al. 1986). On average, each plant produces 25 seeds; yet,
a single, many-tillered plant is capable of producing 5,000 seeds, and there may be up to
450 kg of seeds produced per hectare (Upadhyaya et al 1986; Young et al. 1987).
However, seed production is density dependent, with a lower density of plants yielding
increased amount of seed per plant (Young et al. 1969).
At maturation, downy brome seeds show some degree of dormancy which is
gradually lost during the afterripening process where physiological changes within the
seed increase germination ability in response to temperature and soil moisture (Allen and
Meyer 2002; Newman 1963; Steinbauer and Grigsby 1957). Fully afterripened seeds
may germinate simultaneously when they receive sufficient fall moisture, but
environmental changes may alter it to a continuous germination into the spring (Thill et
al. 1980; Young et al. 1969). Most, if not all, of the seeds germinate under favorable
conditions during the first year (Allen and Meyer 2002; Hulbert 1955; Steinbauer and
Grigsby 1957). If germination does not occur, the seeds acquire a longer dormancy,
which contributes to the soil seed bank (Young and Longland 1996). Seeds remain
viable for many years under dry storage conditions, but is generally only persistent in the
soil for 3 years or less (Hulbert 1955; Morrow et al. 1977; Smith et al. 2008; Upadhyaya
et al. 1986).
Because downy brome is a winter annual that germinates in the fall and
overwinters as a small rosette, it grows quickly with increasing warm temperatures in the
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spring, using up the available resources before the slower growing perennial grasses can
utilize them (Newman 1963; Skinner et al. 2008; Thill et al. 1984). It has a short life
cycle, maturing completely by early to mid-summer, creating stands of fine fuel that are
easily ignitable, burn and spread quickly, and are now associated with a change in the fire
frequency, increasing from a 60 to 110 year cycle to every 5 years or less (Allen and
Meyer 2002; Klemmedson and Smith 1964; Young et al. 1987). Another problem
associated with downy brome is the long awns that form on the seeds; these create a
nuisance by sticking in the eyes, mouths, and noses of grazing livestock (Klemmedson
and Smith 1964; Young et al. 1987).
Previous research indicates that integrating combinations of mechanical, cultural,
biological, and chemical methods of weed control will provide the most successful longterm management (DiTomaso 2000). Targeted grazing can suppress invasive annual
grasses when applied at the right time and intensity, and also has the potential to reduce
fuel loads and change community composition (Diamond et al. 2009; Diamond et al.
2012; Hempy-Mayer and Pyke 2008; Mosley and Roselle 2006). Mowing, like grazing,
can also provide significant short-term control by reducing biomass and potential seed
production through defoliation when applied during the boot stage (Diamond et al. 2009).
If mowed too early in the growth cycle, new inflorescences may emerge, while if mowed
at more advanced stages of development the probability of viable seed is greater (Hulbert
1955). However it has been observed at Dinosaur National Monument and by others that
the best time to mow or graze is in the “red” stage, or shortly after floret emergence
(Finnerty and Klingman 1962; Hulbert 1955; NPS 2005).
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The imidazolinone herbicide imazapic, and sulfonylurea herbicides, such as
sulfosulfuron and rimsulfuron, have been shown to be very effective in controlling
downy brome (Alford et al. 2008; Kyser et al. 2007; Monaco and Creech 2004).
Imazapic, a widely used herbicide in annual grass control and revegetation
projects on rangeland, is effective against downy brome when applied either
preemergence or postemergence (Kyser et al. 2007). Studies have shown that as
imazapic rates increase, downy brome cover decreases; also, better control was seen
when preemergence, rather than postemergence, applications of imazapic were made
(Kyser et al. 2007; Morris et al. 2009). However, imazapic can damage perennial forage
grasses if applied to newly seeded or establishing grasses, especially at higher rates
(Sheley et al. 2007; Shinn and Thill 2004).
Sulfonylurea herbicides, such as sulfosulfuron and rimsulfuron, have also been
shown to be very effective in controlling downy brome (Alford et al. 2008; Monaco and
Creech 2004; Zhang et al. 2010). Sulfosulfuron caused significant injury and death to
downy brome when applied in either spring or summer without significantly hindering
the growth of desirable grasses (Monaco and Creech 2004). Rimsulfuron provided 97 to
99% downy brome control at rates of 53 to 56 g ai ha ̄¹ (Alford et al. 2008).
Using glyphosate as a selective herbicide to remove or reduce annual grasses from
perennial communities can also be achieved, as in a recent study where glyphosate was
shown to reduce biomass and seed production of medusahead plants when applied at low
rates in the spring (Kyser et al. 2012).
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Dinosaur National Monument was established in 1915, and later expanded to its
present size of 850 km-2 in 1978 (Sherrill and Romme 2012). Within the monument,
elevation ranges from 1450 to 2740 m and average precipitation ranges from 28 to 51 cm
(Sherrill and Romme 2012). Though some downy brome is present almost everywhere in
Dinosaur National Monument, it is most prevalent at lower elevations (Sherrill and
Romme 2012).
It is not known when downy brome first appeared in Dinosaur National
Monument, but its presence in the western United States was first noted in Denver, CO in
the late 1800s, and in Utah was first recorded near Provo in 1894 (Morrow and Stahlman
1984; Reid et al. 2008; Stewart and Hull 1949). Grazing in Dinosaur National
Monument, first by cattle in the 1850s and later by sheep in 1879, continues to some
extent in the present (Mehls 1985; Sherrill and Romme 2012). Due to the history of
grazing within the monument, and the propensity for downy brome to be spread by
grazing animals, this is the likely source of introduction.
In 2005, an Invasive Plant Management Plan and Environmental Assessment for
Dinosaur National Monument was completed and approved (NPS 2005). This plan
identified areas within the monument that necessitated priority management. The Cub
Creek watershed was listed as the top priority because of its high cultural and ecological
importance. Portions of the Monument, including the Josie Morris Ranch within the Cub
Creek watershed, are visited by approximately 120,000 tourists annually and are home to
many threatened native plants. Russian knapweed (Acroptilon repens (L.) DC.) has been
actively managed at the Josie Morris Ranch for several years. However, Tamara
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Naumann, the Monument botanist, observed that downy brome was emerging as a
potential threat to native grass recovery post-Russian knapweed treatment (Tamara
Naumann, personal communication).
At Dinosaur National Monument, research plots were established to evaluate the
efficacy of mowing or glyphosate application to reduce downy brome seed production in
the spring, and integrated with herbicide treatments in the fall to control germinating
downy brome. This research evaluates the effect of seed reduction measures alone and in
combination with fall herbicide treatments. As part of this field study, a controlled
environment trial was also conducted to determine the germinability of downy brome
seeds when plants were mowed prior to seed maturity compared to plants that were
allowed to reach maturity. The germinability of seeds produced by plants previously
sprayed with glyphosate was also evaluated.

Materials and Methods

Site description. Field research plots were established in two locations inside
Dinosaur National Monument near Jensen, Utah and Dinosaur, Colorado in April 2010.
Both sites are sagebrush/grassland communities. The first site was established at
the Josie Morris Ranch (40°25’25.46” N, 109°10’30.79”W, 1618 m [5308 ft] elevation)
in the Cub Creek Watershed. Soils are in the Paradox loam series (fine-loamy, mixed,
superactive, calcareous, mesic Ustic Torriorthent) on 3 to 8% slopes, pH 7.8, with 1.0 to
1.7% organic matter (Table 2-1). Mean annual precipitation is approximately 28 cm and
mean annual soil temperature is 7 to 9˚C (Soil Survey Staff 2010). The Josie Morris
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Ranch is a designated cultural landscape that has been historically farmed and grazed.
The Chew family continues to maintain a historic cattle grazing allotment in the Cub
Creek Watershed, and for this reason, an exclosure was constructed around the study
plots to prevent cattle grazing.
The second site was established below the confluence of the Yampa and Green
Rivers in Echo Park (40°31’13.16”N, 108°59’12.42” W, 1551 m [5089 ft] elevation).
Soils are in the Cameo series (coarse-loamy, mixed, superactive, calcareous, mesic Ustic
Torrifluvent), 0 to 5% slopes, pH 7.4, and 4.2% organic matter. Mean annual
precipitation is 25 to 33 cm (Soil Survey Staff 2010). This site is used by wildlife, but
has not been grazed by livestock in recent years.
At both locations, trials were organized in a split-plot arrangement, with seed
reduction as the whole-plots and differing herbicide and rate treatments as the sub-plots,
replicated 4 times. Each whole plot was 24 m wide and 9 m long, with each sub-plot
measuring 3 m wide and 9 m long.
Treatments. The seed reduction methods for the whole plots were a spring
applied glyphosate treatment and a mowing treatment. Glyphosate (Roundup
PowerMax®, 540 g L-1, Monsanto Company, 800 N. Lindbergh Boulevard, St. Louis,
Missouri) at 193 g ai ha ̄¹ was applied with a CO₂-pressurized backpack sprayer
delivering a spray volume of 168.5 L ha ̄¹ in April 2010 when the downy brome was
actively growing and the desirable perennial grasses were still semi-dormant. For the
mowing treatment whole plots, plots were mowed when downy brome was in the green-
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red stage on 27 May 2010 with a sicklebar mower with a 107 cm (42 in) blade raised 5
cm from the ground.
All subplot herbicide treatments were applied preemergence in mid-October 2010.
with a CO₂-pressurized backpack sprayer at a spray volume of 225 L ha ̄¹. The herbicide
treatments compared imazapic (Plateau, BASF Corporation, 26 Davis Drive, Research
Triangle Park, North Carolina) at 70, 105, 140, 175, and 210 g ai ha ̄¹ with sulfosulfuron
(Outrider, Monsanto Company, 800 N. Lindbergh Boulevard, St. Louis, Missouri) at 70 g
ai ha ̄¹ and rimsulfuron (Matrix, DuPont, 1007 Market Street, Wilmington, Delaware) at
53 g ai ha ̄¹.
Data collection. Evaluations for relative cover of downy brome and other species
prior to initiation of the experiment (spring 2010), and at subsequent evaluation dates
(summer 2010, spring and summer 2011, and spring 2012), were conducted using a
point-intercept method along a transect line in the center of each plot, recording the
species present at every 15 cm with a 30 cm margin on both ends of the plots. These data
were used to calculate a percentage of the plot based on the number of points intersected
by each species. Visual evaluations estimating percent cover on a scale of 0 to 100% of
downy brome, bare ground, desirable grass species, and any forbs, were also conducted
to determine downy brome presence and control throughout the experiment. Biomass
samples were collected in May or June of each year (2010, 2011, and 2012) by harvesting
all green plant material within a single 30 by 100 cm frame in each plot. Plant material
was sorted by species, placed in bags and dried at approximately 60 C (140 F) for 14
days, and weighed.
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Samples of downy brome seeds for the germination experiment were collected
from one 0.093 m2 frame per block in the study plots. Samples from the immature plants
were collected at the time of mowing (May 2010) and mature plant samples were
collected in June 2010. Plants were clipped at the height of mowing (5 cm). To
overcome the afterrippening requirements, the panicles were dry stored in paper sacks in
the laboratory for a minimum of 8 weeks (Meyer and Allen 1999; Thill et al. 1984). Seed
was threshed and cleaned by hand using a textured rubber seed-cleaning mat. One
hundred seeds were randomly selected from each sample and divided into 4 replicates of
25 seeds each, which were germinated in 9 cm petri-dishes (PML Microbiologicals,
Durham, NC) on saturated filter paper (Whatman No.3, GE Healthcare,
Buckinghamshire, UK). According to Steinbauer and Grigsby (1957) germination occurs
readily at 20 to 25° C after the period of primary dormancy is passed, and alternating
temperature and light regimes are not required. Petri-dishes were kept in a controlled
environment at constant 20 to 25° C. Seeds were evaluated every day for 3 weeks and
counted as germinated when the radicle had emerged a minimum of 3 mm from the
seedcoat (Buman and Abernathy 1988). Additional water was added as needed to
maintain moisture during germination.
At the time of field data collection, cover and biomass data were gathered for
individual species, but were later combined into four main groups for analysis: downy
brome, bare ground (and/or litter), forbs (and shrubs), and perennial grasses.
The forbs group at the Josie Morris site was comprised of: Russian thistle (Salsola
tragus L.), kochia (Kochia scoparia L.), common lambsquarters (Chenopodium album
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L.), big sagebrush (Artemisia tridentata Nutt.), rabbitbrush (Ericameria nauseosa (Pallas
ex Pursh) Nesom & Baird), tumble mustard (Sisymbrium altissimum L.), scarlet
globemallow (Sphaeralcea coccinea (Nutt.) Rydb.), stickseed (Hackelia sp.), yellow
sweet clover (Melilotus officinalis (L). Lam), alfalfa (Medicago sativa L.), and various
asters (Aster spp.). The Josie Morris site also included a fifth group: Russian knapweed
(Acroptilon repens (L.) DC); it was not included in the forbs group because of the
specific interest in Russian knapweed management within the Monument. Perennial
grasses at the Josie Morris site were: smooth brome (Bromus inermis Leyss.), sand
dropseed (Sporobolus cryptandrus (Torr.) A. Gray), saltgrass (Distichlis spicata (L.)
Greene), Indian ricegrass (Achnatherum hymenoides (Roem. & Shult.) Barkworth),
crested wheatgrass (Agropyron cristatum (L.) Gaertn.), intermediate wheatgrass
(Thynopyrum intermedium (Host) Barkworth & D. R. Dewey), western wheatgrass
(Pascopyrum smithii (Rydb.) A. Love), needle and thread grass (Hesperostipa comata
(Trin. & Rupr.) Barkworth), and Kentucky bluegrass (Poa pratensis L.).
At the Echo Park site, species in the forbs group included: Russian thistle, kochia,
rabbitbrush, povertyweed (Iva axillaris Pursh.), perennial pepperweed (Lepidium
latifolium L.), prickly lettuce (Lactuca serriola L.), flixweed (Descurainia sophia (L.)
Webb. Ex Prantl), yellow alyssum (Alyssum alyssoides (L.) L.), blue mustard
(Chorispora tenella (Pallas) DC.), and western salsify (Tragopogon dubius Scop.).
Perennial grasses at this site included: intermediate wheatgrass, western wheatgrass,
crested wheatgrass, Kentucky bluegrass, Great Basin wildrye (Leymus cinereus (Scribn.
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& Merr.) A. Love), and thickspike wheatgrass (Elymus lanceolatus (Scribn. & J.G. Sm)
Gould ssp. lanceolatus).
Data analysis. Data were tested for normality and homogeneity of variance and
analyzed using ANOVA in SAS (SAS version 9.3, SAS Institute, Cary, NC 27513).
When appropriate, square, square root, log, or cube root transformations were applied to
data. In some cases normality and constant variance were not improved by the
transformations, but the data are included regardless. However, for clarity, the raw data
are presented in all cases. Treatment means were separated using Fishers Protected LSD
(p < 0.05).

Results

Because sites were statistically significant, data could not be combined; therefore
results from each site are presented separately. Due to loss of multiple biomass samples
from the 2011 collection at the Josie Morris Ranch site, biomass data for that year are
only presented for the Echo Park site. However, all other data (cover, density, seed
counts and germination), if significant, are presented for both sites for years 2011 and
2012.
At the Josie Morris Ranch there were no seed reduction treatment by
preemergence herbicide interactions, so treatment effects are discussed separately. At
Echo Park there were a few seed reduction treatment by preemergence herbicide
interactions, but most treatments are discussed separately.
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Seed Reduction Treatments. Though not statistically significant, seed
production was higher in the mowed treatment than the untreated at both sites, and also
higher in the glyphosate treatment at the Josie Morris Ranch. However, the percent of
germinable seeds was statistically significant at both sites for the mowed treatments and
at the Echo Park site for the glyphosate treated plots. At the Josie Morris Ranch, seeds
from the mowed plots showed only 19% germination, much lower than the approximate
50% germination from the seeds of the untreated or glyphosate treated plots. At Echo
Park the percent of germinable seeds was significantly reduced from 75% in the untreated
to the respective 9 and 17% in the mowed and glyphosate treated plots (Table 2-2).
At the Josie Morris Ranch, density of downy brome was significant one year after
treatment (YAT), with the lowest density of approximately 173 stems m-2 occurring in
the mowed plot, while the untreated and glyphosate treated blocks showed no significant
difference with approximately 373 and 295 stems m-2, respectively (Table 2-2). At Echo
Park, there was an interaction between whole and sub-plot treatment effects on density of
downy brome (Table 2-3). The highest density of downy brome 1 YAT was in the
control plot, at nearly 1,809 stems m-2. Mowing and glyphosate alone reduced downy
brome density to a level statistically similar to the lowest rate of imazapic (70 g ai ha-1)
alone. The effects of increasing rates of imazapic and the single rate of sulfosulfuron
alone were similar to the combinations of mowing and imazapic up to the highest rate
(210 g ai ha-1) or the combinations of glyphosate and imazapic up to the middle rate (140
g ai ha-1). Sulfosulfuron in combination with mowing or glyphosate performed similarly
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to rimsulfuron alone or in combination with mowing or glyphosate in reducing downy
brome density to less than 1 stem m-2.
There was an interaction between whole and sub-plot treatment effects on downy
brome cover 1 YAT at Echo Park (Table 2-4). Downy brome cover was highest in the
control plot, accounting for approximately 41% of foliar cover. Mowing or glyphosate
alone reduced downy brome cover to 17% and 15%, respectively, which was not
significantly different than imazapic at 70 g ai ha-1 alone. All other combinations of
mowing or glyphosate, and preemergence herbicides, or preemergence herbicides used
alone, resulted in similar reductions of downy brome cover to approximately 0 to 4%.
Perennial grass cover was higher in the imazapic treated plots than in the control,
sulfosulfuron, or rimsulfuron treated plots. At both sites, downy brome cover was
reduced in the mowed plots at 15 months after treatment (MAT), but at 26 MAT there
was no significant difference among treatments (Tables 2-5 and 2-6). At Echo Park,
there was also a significant reduction in downy brome cover in the glyphosate plot
compared to the untreated, decreasing from 6% in the untreated to 3% in the glyphosate
treated plot. At the Josie Morris Ranch, perennial grass, forb, and bare ground cover
showed no significant response to mowing or glyphosate treatments 15 or 26 MAT, but
Russian knapweed cover 26 MAT was significant, only accounting for 2% of overall
foliar cover in the untreated plot compared to 5% in the glyphosate treated plot (Table 25). Similarly, at Echo Park, there was no significant response of perennial grasses, forbs,
or bare ground to whole plot treatments 15 MAT; however, at 26 MAT both perennial
grass and bare ground showed significant responses (Table 2-6). Perennial grass cover in
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the mowed plot was not significantly different than cover in the untreated plot, 17 and
22%, respectively, but was significantly lower in the glyphosate treated plot with only
12%. Bare ground cover was highest in the glyphosate treated plot, accounting for 76%
of overall cover, and not significantly different than the mowed plot (71%), but was
significantly lower in the untreated plot (68%).
Biomass data collected 1 YAT at Echo Park only showed significance for forbs,
with the greatest amount of forb biomass (186 g m-2) harvested from the mowed plot and
the least (89 g m-2) from the untreated; the glyphosate plot was not statistically significant
from either the untreated or the mowed plots (Table 2-7).
Preemergence Herbicide Treatments. At the Josie Morris Ranch, spring cover
evaluations 7 MAT showed a response of downy brome, perennial grasses, Russian
knapweed, and bare ground to the preemergence herbicide treatments made in October
2010 (Table 2-8). Downy brome cover was reduced by all treatments, ranging from a
high of 76% cover in the untreated sub-plot to a low of less than 1% cover in the
rimsulfuron sub-plot. Bare ground increased in all treatments, ranging from a low of 9%
in the untreated plot to a high range of 61 to 63% (no significance) in the sub-plots
treated with the two highest rates of imazapic (175 and 210 g ai ha-1) and sulfosulfuron or
rimsulfuron. Perennial grass cover was the lowest in the untreated sub-plot (11%), but
cover did not differ significantly among the other treatments, accounting for 21 to 31% of
total foliar cover. Spring cover evaluations 7 MAT at Echo Park showed an interaction
with the seed reduction treatments for downy brome cover, which was discussed in the
previous section, but also showed significant responses in bare ground, perennial grass,

33
and forb cover (Table 2-4). Perennial grass cover in the untreated sub-plot did not differ
significantly from cover in the sulfosulfuron or rimsulfuron treated sub-plots (42 to 45%),
but these sub-plots were significantly lower than in any of the imazapic treated sub plots
(59 to 60%) which did not differ significantly among each other. Bare ground at Echo
Park followed a similar trend to that at the Josie Morris Ranch, with a low of 11% in the
untreated sub-plot and a high of 49% in the sulfosulfuron and rimsulfuron treated subplots. Forb cover was highest in the untreated sub-plot, accounting for 20% of overall
foliar cover, and ranged from 9 to 12% in the treated sub-plots, but showed no
significance among treatments. At both sites, summer foliar cover evaluations 9 MAT
continued to show significant reductions of downy brome with increasing rates of
herbicide, but only at the Josie Morris Ranch was there a significance in perennial grass,
forb, and bare ground cover (Tables 2-9), with significantly higher cover of perennial
grasses in all of the treated plots as compared to the control. However, summer cover
evaluations 20 MAT only showed a significant decrease in downy brome cover at the
Josie Morris Ranch (Tables 2-10). The downy brome in the untreated sub-plots had
significantly higher cover than the sub-plots treated with the highest rate of imazapic
(210 g ai ha-1) or the sub-plots treated with either sulfosulfuron or rimsulfuron. However,
the untreated sub-plot did not differ from the other rates of imazapic (70, 105, 140, and
175 g ai ha-1). All other species groups at both sites were non-significant.
Density evaluations of downy brome 9 MAT at the Josie Morris Ranch showed a
response to increasing rates of imazapic as well as to the single rates of sulfosulfuron and
rimsulfuron (Table 2-11). In the untreated sub-plot, downy brome density was
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approximately 1,238 stems m-2. This was significantly higher than any of the treated subplots. The lowest density of downy brome occurred in the rimsulfuron treated sub-plot
where density was approximately 2 stems m-2, significantly lower than any of the subplots treated with imazapic.
At Echo Park, biomass measurements 9 MAT were significant for both downy
brome and the perennial grasses (Table 2-12). Downy brome biomass in the untreated
sub-plots weighed 68 g m-2, which was significantly higher than all other treatments. The
imazapic treated sub-plots had significantly lower downy brome biomass than the
untreated sub-plot, but were not significantly different from each other, ranging from 5 to
20 g m-2. The higher rates of imazapic (175 and 210 g ai ha-1) were also not significantly
different than the sub-plots treated with sulfosulfuron or rimsulfuron. However, biomass
measurements 20 MAT at Echo Park were only significant for downy brome (Table 212). The untreated sub-plot was significantly higher than all other treatments, with
downy brome weighing approximately 2 g m-2 in the untreated, while for all other
treatments downy brome biomass measured less than 1 g m-2.
Biomass measurements collected 20 MAT at the Josie Morris Ranch were
significant for both downy brome and the perennial grasses (Table 2-13). Downy brome
biomass was greatest in the untreated sub-plot (4 g m-2), followed by the different rates of
imazapic, with the least in the sulfosulfuron and rimsulfuron sub-plots (less than 1 g m-2).
Perennial grass biomass was greatest in the sub-plot treated with the second imazapic rate
(105 g ai ha-1) and the rimsulfuron sub-plots; the other imazapic sub-plots were not
significantly different than the untreated or the sulfosulfuron sub-plots.
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Discussion

Though not statistically significant, there may be biological significance to the
observed increase of downy brome seed production in the mowing and glyphosate treated
plots as compared to the control. One possible reason for this increase in downy brome
seed production in the treated plots may not be an actual increase in seeds produced, but
rather an increase in seeds retained on the plant at time of harvest. Seed biomass samples
of mature plants were collected after senescence, and plants may have already begun to
drop seed. Seeds typically shatter within a week after maturity, but immature seeds, like
those observed on the downy brome in the treated plots, are retained on the plant (Kyser
et al. 2012; Upadhyaya et al. 1986). This phenomenon was also observed in a similar
study evaluating the effects of different timings and rates of glyphosate on medusahead
control, where the medusahead plants treated with glyphosate had higher numbers of
seeds than did the untreated plants (Ransom, personal communication). However,
another possibility for the observed increase in seed production in the glyphosate treated
plots may be explained by compensatory growth of downy brome (Kyser et al. 2012).
Downy brome plants that were not killed outright by the glyphosate, or that escaped the
blade of the mower, may have compensated for the decrease in density by producing
more seeds (Kyser et al. 2012; Young et al. 1969).
Smith et al. (2008) showed that carryover downy brome seed bank density is
positively related to the number of seeds produced in a given year and that if seed
production can be prevented the seed bank will decrease exponentially over time. Seed
production prevention alone may be adequate in some situations to result in community
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composition changes or allow for more successful seeding of desirable grasses (Diamond
et al. 2012; James et al. 2010; Smith et al. 2008). Or, a spring-applied seed production
prevention measure paired with a fall-applied preemergence herbicide such as imazapic
may provide more residual control while still encouraging the establishment of desirable
species.
The lack of significant interactions between the seed reduction and the
preemergence herbicide treatments 2 YAT in this study is not reason enough to rule out
the approach as part of an integrated weed management program. Annual grasses have
been successfully suppressed by targeted and timed grazing (DiTomaso et al. 2008;
Hempy-Mayer and Pyke 2008; Mosley and Roselle 2006), and it is likely that a second
mowing treatment to defoliate any plants that may have regrown after the initial mowing
would have resulted in better control of downy brome (Hulbert 1955). When glyphosate
was applied in spring 2010, ammonium sulfate was omitted from the solution, so it is also
likely that a higher rate of glyphosate, or glyphosate applied with ammonium sulfate to
prevent antagonism of glyphosate uptake by hard water, would have had a greater effect
on reducing downy brome cover, seed production, and germination (Kyser et al. 2012).
Kyser et al. (2012) also surmised that early applications of glyphosate were not as
efficacious as later applications because the plants may have still been sufficiently
dormant to not take up the herbicide in similar quantities as when glyphosate was applied
during more active growth. In some cases, such as at Echo Park, which had a stronger
perennial grass component and lower overall downy brome cover at the initiation of the
study than did the Josie Morris Ranch (data not presented), it may be sufficient to
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suppress downy brome seed production with a single application of herbicide or timing of
defoliation and allow the constituent perennial grasses to expand into the open niches.
While cover of perennial grasses increased initially at the Josie Morris Ranch, it was not
sufficient to fill in all the open sites created when downy brome was removed. Bare
ground increased, and due to the dry climate the year after treatment, those sites may fill
back in with downy brome rather than desirable grasses. In cases such as this, a seeding
treatment, or other revegetation effort, may need to be considered in conjunction with the
herbicide treatments.
Of the herbicides used in the study, rimsulfuron followed by sulfosulfuron were
the most effective at reducing cover, density, and biomass of downy brome. Although all
three herbicides are classified as ALS inhibitors, differences in activity could be
attributed to differences in plant uptake mechanisms and disruption of the ALS enzyme
(Hirsch et al. 2012).
Previous research has indicated that imazapic may be detrimental to establishing
native perennial grasses (Morris et al. 2009; Sheley et al. 2007; Shinn and Thill 2004), so
it was encouraging to note that at both sites foliar cover of perennial grasses increased in
all treatment plots 1 YAT, and that there was no significant difference of perennial grass
cover among plots 2 YAT. At Echo Park, in the first year after treatment there was
substantial injury to the wheatgrasses by both sulfosulfuron and rimsulfuron (data not
presented), which is consistent with findings by Monaco and Creech (2004). This level
of injury wasn’t seen at the Josie Morris Ranch, perhaps because of the lower abundance
of desirable grasses. Because sulfosulfuron and rimsulfuron, at the single rates of
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application, resulted in similar reductions of downy brome cover as imazapic at the
highest rates, future research might investigate whether lower rates of sulfosulfuron and
rimsulfuron could provide significant downy brome control while causing less injury to
desirable perennial grasses.
Climate must also be considered when discussing weed management techniques.
Water is one of the most important resources that drive ecosystem and community
processes in arid and semi-arid environments (Chambers et al. 2007). Downy brome
often exhibits a high inter-annual variability of cover due to its strong relationship to
precipitation, and these patterns of extreme wet and dry result in a dramatic response
(Bradley and Mustard 2004). Available soil moisture from winter and spring
precipitation can many times explain differences in year to year downy brome cover
changes, with particularly low autumn precipitation contributing to reduced downy
brome cover the following spring (Bradley and Mustard 2004; Chambers et al. 2007;
Morris et al. 2009; Sherrill and Romme 2012). Dinosaur National Monument
experienced multiple months of above average precipitation in winter 2010 continuing
through summer 2011 (Figures 2-1 and 2-2). This was followed by an extremely dry
winter and spring of 2011 and 2012. Drought, especially early in the growing season,
may have a greater negative effect on non-native annual seedlings than on the native
perennial bunchgrasses (Hamilton et al. 1999). Though native perennial grass
communities may exhibit lower cover variance due to precipitation patterns, they too may
have been affected by the year to year differences (Bradley and Mustard 2004). This may
explain why all species, downy brome included, had lower average foliar cover two years
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after treatment, even in the untreated plots. It may also explain the dramatic change in
percent bare ground at Echo Park from 2011 to 2012. Unfortunately, from the initiation
of the experiment, bare ground was not differentiated from litter when measuring cover
via the point transects, so no real conclusions can be made on this subject. Because there
was so much available water in 2010 and 2011, and the removal of downy brome via the
seed reduction and preemergence herbicide treatments, the perennial grasses may have
begun to expand into the open sites. However, with the onset of drought in 2012, the
high amount of biomass produced in 2011 became dry and dead, thus being indicated as
bare ground in the transect evaluations.
Site condition is also a contributing factor to the success of downy brome
management. Ecosystems that show resistance and resilience to invasion by downy
brome or other annual grasses have a healthy, well established perennial grass component
(Blank and Morgan 2012; Chambers et al. 2007; Davies and Johnson 2008). Both the
Josie Morris Ranch and Echo Park had similar initial abundances of downy brome (64%
and 68%, respectively), but differed significantly in the abundance of perennial grasses
(8% at the Josie Morris Ranch and 23% at Echo Park). One of the major factors
contributing to this difference in the perennial grass component is the level of disturbance
at each site. The Josie Morris Ranch has been farmed and grazed historically, and
continues to be grazed by cattle in the present, where the Echo Park site has not had this
level or frequency of disturbance. Less frequent disturbances tend to favor desired
species (James et al. 2010). Disturbance such as grazing, mowing, or fire can be
important components of an integrated weed management system, but must be minimized

40
in scale and planned for critical times in order to maximize the recovery potential of the
desired species (James et al. 2010).
Sheley and Kreuger-Mangold (2003) described the goal of restoring invasive
plant-infested rangelands as directing the existing plant communities with undesirable
species toward more desirable communities; in other words, to shift the balance of the
species to the favor of the desirable ones. It has also been suggested that restoring
communities dominated by invasive annual grasses will be more successful in areas
where there are still sufficient native species present to reduce or eliminate the need for
revegetation (Davies and Johnson 2008; Davies and Sheley 2011). Plant community
composition will change naturally over time, but a healthy plant community resistant to
invasion is one comprised of a diverse group of species that occupy most of the spatial
and temporal niches (Sheley and Kreuger-Mangold 2003).

Management Implications
Rimsulfuron applied at 53 g ai ha-1 in conjunction with seed production
prevention measures or alone provided the greatest amount of foliar cover reduction of
downy brome. Though rimsulfuron nor sulfosulfuron are not listed in the Invasive Plant
Management Plan and Environmental Assessment, they have the same mode of action as
currently listed chemicals such as imazapic, imazapyr, chlorsulfuron, and metsulfuron,
and perhaps should be considered for use in Dinosaur National Monument (NPS 2005).
In the Invasive Plant Management Plan and Environmental Assessment, it was
recognized that killing weeds alone is generally inadequate but also that restoration in
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arid environments such as Dinosaur National Monument revegetation can be costly and
has a high risk of failure. A more generalized objective is to develop a healthy plant
community that is weed-resistant, while still achieving other land-use objectives (NPS
2005).
At Echo Park, and in similar environments that are relatively undisturbed and
contain a healthy perennial grass component (both within and outside the Monument), it
may be sufficient to suppress downy brome through either a spring seed production
prevention treatment or through a single preemergence application of imazapic,
sulfosulfuron, or rimsulfuron. These areas would need to be monitored, and treated on an
as needed basis, to ensure continued suppression of downy brome and success of the
desired plant community.
In areas such as the Josie Morris Ranch, and other heavily disturbed communities,
it would be advisable to combine weed management with revegetation and longer term
monitoring to encourage and maintain the recovery of a healthy and competitive plant
community (NPS 2005).
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Table 2-1. Soil characteristics comparison between the two study sites: Josie Morris
Ranch (site 1) and Echo Park (site 2).
Site

Soil texture

Soil pH

Organic
matter

Josie Morris
Ranch
Echo Park

Loamy Sand

7.8

1.0-1.7

Clay

7.4

4.2

_________

Slope
% __________
3-8
0-5

Mean annual
precipitation
cm
28

Mean annual
soil temp
°C
7-9

25-33

-----
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Table 2-2. Downy brome seed production, germination, and stem density at the Josie
Morris Ranch, and downy brome seed production and germination at Echo Park,
Dinosaur National Monument in response to whole plot treatments of mowing or
glyphosate applied spring 2010 to downy brome infested rangelands at each sitea.
Whole plot
treatmentb

Josie Morris Ranch
Seed
Seed
production
germination
Stem densitye
___
-2 __
___
___
__
seeds m
%
stems m-2

Echo Park
Seed
Seed
production
germination
___
___
seeds m-2 __
% ___

__

Untreated
2312
50.25 a
372.76 a
3629
75.5 a
Mowingc
2662
19 b
173.16 b
4477
9.25 b
Glyphosated
5596
49 a
294.74 a
1769
17.25 b
P value
0.0559
0.0489
0.0009
0.3638
0.0008
a
Means in the same column followed by the same letter are not significantly different according to
Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to whole plots in spring 2010 to reduce seed production of downy brome.
c
Plots mowed with sicklebar mower, blade raised 5 cm from ground, once in May 2010.
d
Glyphosate at 193 g ai ha-1 applied once in April 2010.
e
Density of downy brome 1 YAT.
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Table 2-3. Density of downy brome in response to whole plot treatments applied
spring 2010 and sub-plot treatments applied fall 2010 to downy brome infested
rangeland at Echo Park, Dinosaur National Monumenta, 1 YAT.
Downy brome density
Mowingd
Glyphosatee
_________________________
-2 ___________________________
stems m
Untreated
1808.75 a
186.67 b
207.08 b
Imazapic
234.58 b
44.17 c
90.83 c
Imazapic
96.67 c
35.42 c
7.09 cd
Imazapic
31.25 c
7.08 cd
12.92 cd
Imazapic
36.67 c
6.25 cd
0.83 de
Imazapic
42.92 c
11.67 c
0.00 de
Sulfosulfuron
42.92 c
0.00 de
0.42 de
Rimsulfuron
0.000 de
0.42 de
0.00 de
P value
<0.0001
a
Means in the same column followed by the same letter are not significantly different according to
Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to sup-plots once in October 2010.
c
Whole plot treatments applied in spring 2010 to reduce seed production of downy brome.
d
Plots mowed with sicklebar mower, blade raised 5 cm from ground, once in May 2010.
e
Glyphosate at 193 g ai ha-1 applied once in April 2010.
Sub-plot treatmentsb

Rate
g ai ha-1
-70
105
140
175
210
70
53

Untreatedc

Table 2-4. Spring foliar cover of downy brome, perennial grass, and forbs in response to whole plot treatments applied spring 2010
and sub-plot herbicide treatments applied fall 2010 to downy brome infested rangeland at Echo Park, Dinosaur National
Monumenta, 7 MAT.
Cover
Sub-plot treatmentsb

Glyphosatee
Perennial grasses
Forbs
Bare ground
% _____________________________________________________________
Untreated
40.75 a
17.25 b
15.25 b
44.58 b
19.83 a
11.42 c
Imazapic
7.50 bc
1.00 d
1.75 d
60.25 a
11.67 ab
24.83 b
Imazapic
2.50 cd
3.75 c
0.50 d
60.33 a
10.67 ab
26.92 b
Imazapic
0.50 d
0.00 de
0.00 de
60.00 a
9.92 b
30.16 b
Imazapic
1.00 d
0.00 de
0.00 de
58.83 a
10.58 b
30.08 b
Imazapic
0.50 d
0.50 d
0.50 d
59.83 a
7.17 b
32.92 b
Sulfosulfuron
1.50 d
0.00 de
0.00 de
41.83 b
8.58 b
49.08 a
Rimsulfuron
0.00 de
0.00 de
0.00 de
42.17 b
9.00 b
48.83 a
P value
<0.0300
0.0007
0.0465
< 0.0001
a
Means in the same column followed by the same letter are not significantly different according to Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to sup-plots once in October 2010.
c
Whole plot treatments applied in spring 2010 to reduce seed production of downy brome, 1 YAT data.
d
Plots mowed with sicklebar mower, blade raised 5 cm from ground, once in May 2010.
e
Glyphosate at 193 g ai ha-1 applied once in April 2010.
Rate
g ai ha-1
-70
105
140
175
210
70
53

Untreatedc

Downy brome
Mowingd

_______________________________________________________________
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Table 2-5. Summer foliar cover of downy brome, perennial grass, and forbs in response to whole plot treatments of mowing or
glyphosate applied spring 2010 to downy brome infested rangeland at the Josie Morris Ranch, Dinosaur National Monument a,
15 and 26 MAT.
Cover 15 MAT
Cover 26 MAT
Downy
Perennial
Russian
Downy
Perennial
Russian
Whole plot treatmentb
brome
grasses
Forbs
knapweed Bare ground
brome
grasses
Forbs
knapweed Bare ground
_________________________________
_________________________________
% _________________________________
% _________________________________
Untreated
14.28 b
41.47
6.75
0.72
36.97
5.78
30.59
3.53
1.78 b
58.41
Mowingc
13.25 b
38.25
9.41
2.03
37.25
6.31
27.53
3.66
2.56 ab
60.28
d
Glyphosate
19.50 a
40.25
6.84
2.13
31.63
6.63
29.47
2.69
4.59 a
56.97
P value
0.0130
0.6889
0.7998
0.0617
0.1068
0.9541
0.5624
0.3212
0.0265
0.6344
a
Means in the same column followed by the same letter are not significantly different according to Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to whole plots in spring 2010 to reduce seed production of downy brome.
c
Plots mowed with sicklebar mower, blade raised 5 cm from ground, once in May 2010.
d
Glyphosate at 193 g ai ha-1 applied once in April 2010.
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Table 2-6. Summer foliar cover of downy brome, perennial grass, and forbs in response to whole plot treatments of mowing or
glyphosate applied spring 2010 to downy brome infested rangeland at Echo Park, Dinosaur National Monumenta, 15 and 26 MAT.
Cover 15 MAT
Whole plot treatment

b

Cover 26 MAT

Downy brome

Perennial grasses
Forbs
Bare ground
Downy brome
Perennial grasses
Forbs
Bare ground
_________________________________
% _________________________________
% _________________________________
Untreated
5.75 a
59.34
25.09
10.06
0.00
22.00 a
9.81
68.34 b
Mowingc
3.31 ab
58.09
26.75
12.06
0.00
17.47 ab
11.94
70.63 ab
Glyphosated
2.97 b
62.22
26.06
8.97
0.81
12.13 b
10.81
76.31 a
P value
0.0239
0.5397
0.8843
0.0797
0.3855
0.0061
0.4254
0.0334
a
Means in the same column followed by the same letter are not significantly different according to Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to whole plots in spring 2010 to reduce seed production of downy brome.
c
Plots mowed with sicklebar mower, blade raised 5 cm from ground, once in May 2010.
d
Glyphosate at 193 g ai ha-1 applied once in April 2010.
_________________________________

53
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Table 2-7. Biomass (g m-2) of downy brome, perennial grass, and forbs in response to
whole plot treatments of mowing or glyphosate applied spring 2010 to downy brome
infested rangeland at Echo Park, Dinosaur National Monumenta, 1 YAT.
Biomass
Perennial grasses
Forbs
__________________________________
g m-2 ________________________________
Untreated
23.36
285.16
89.24 b
Mowingc
11.90
346.58
186.33 a
Glyphosated
13.32
307.46
103.58 ab
P value
0.7239
0.0636
0.0238
a
Means in the same column followed by the same letter are not significantly different according to
Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to whole plots in spring 2010 to reduce seed production of downy brome.
c
Plots mowed with sicklebar mower, blade raised 5 cm from ground, once in May 2010.
d
Glyphosate at 193 g ai ha-1 applied once in April 2010.
Whole plot treatmentb

Downy brome
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Table 2-8. Spring foliar cover of downy brome, perennial grass, and forbs in response
to sub-plot herbicide treatments applied fall 2010 to downy brome infested rangeland
at the Josie Morris Ranch, Dinosaur National Monumenta, 7 MAT.
Cover
Sub-plot
treatmentsb

Russian
Bare
Forbs
knapweed
ground
___________________________________
% ____________________________________
Untreated
75.67 a
10.75 b
4.42
0.33 b
8.75 d
Imazapic
33.92 b
29.25 a
2.92
0.75 a
32.67 c
Imazapic
22.50 bc
29.75 a
3.08
0.08 b
44.67 b
Imazapic
16.50 cd
28.83 a
5.42
0.17 b
48.75 b
Imazapic
12.17 de
21.33 a
4.08
0.08 b
62.75 a
Imazapic
6.83 ef
28.75 a
3.33
0.17 b
60.67 a
Sulfosulfuron
3.58 fg
28.58 a
4.67
0.00 b
64.45 a
Rimsulfuron
0.333 g
31.333 a
4.75
0.17 b
62.77 a
P value
< 0.0001
0.0205
0.9968
0.0117
< 0.0001
a
Means in the same column followed by the same letter are not significantly different according to
Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to sup-plots once in October 2010.
Rate
g ai ha-1
-70
105
140
175
210
70
53

Downy
brome

Perennial
grasses

Table 2-9. Summer foliar cover of downy brome, perennial grass, and forbs in response to sub-plot herbicide treatments applied fall
2010 to downy brome infested rangeland at the Josie Morris Ranch and Echo Park, Dinosaur National Monumenta, 9 MAT.
Cover, 9 MAT
Josie Morris Ranch

Echo Park
Perennial
Bare
Rate
Forbs
grasses
Forbs
ground
_________________________________
________________________
g ai ha-1
% _________________________________
% ________________________
Untreated
-53.92 a
20.58 c
6.17 ab
2.67
16.83 e
17.83 a
54.50
19.33
8.58
Imazapic
70
25.00 b
37.58 ab
10.25 a
1.75
23.50 de
5.50 b
60.83
25.33
8.42
Imazapic
105
18.33 c
39.08 ab
10.92 a
1.08
30.67 cd
2.92 c
68.25
22.17
7.08
Imazapic
140
15.67 c
36.75 b
11.67 a
0.83
35.33 bc
2.67 bc
61.00
26.25
10.42
Imazapic
175
7.00 d
35.08 bc
12.58 a
1.67
43.83 ab
1.50 cd
61.83
25.17
11.75
Imazapic
210
2.17 e
46.00 ab
5.50 ab
1.92
44.50 ab
1.50 cd
57.83
29.75
11.25
Sulfosulfuron
70
0.50 e
51.67 a
1.08 b
1.00
46.00 a
0.17 d
51.92
33.50
14.50
Rimsulfuron
53
0.33 e
53.17 a
3.17 b
2.083
41.58 ab
0.00 d
62.92
26.25
10.92
P value
< 0.0001
0.0016
0.0384
0.7931
< 0.0001
< 0.0001
0.2386
0.1226
0.4029
a
Means in the same column followed by the same letter are not significantly different according to Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to sup-plots once in October 2010.
Sub-plot
treatmentsb

Downy
brome

Perennial
grasses

Russian
knapweed

Bare
ground

Downy
brome
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Table 2-10. Summer foliar cover of downy brome, perennial grass, and forbs in response to sub-plot herbicide treatments applied fall
2010 to downy brome infested rangeland at the Josie Morris Ranch and Echo Park, Dinosaur National Monumenta, 20 MAT.
Cover, 20 MAT
Josie Morris Ranch

Echo Park
Sub-plot
Downy
Perennial
Russian
Bare
Downy
Perennial
Bare
treatmentsb
Rate
brome
grasses
Forbs
knapweed
ground
brome
grasses
Forbs
ground
_________________________________
___________________________
g ai ha-1
% _________________________________
% ________________________
Untreated
-11.17 a
16.33
2.33
4.67
65.67
0.00
17.75
12.33
70.00
Imazapic
70
8.75 ab
27.92
4.25
3.75
55.67
0.00
19.00
9.50
71.58
Imazapic
105
7.25 abc
25.25
4.25
3.42
60.25
0.00
16.42
9.33
74.25
Imazapic
140
8.58 abcd
30.33
2.58
1.25
57.33
0.00
18.42
10.50
71.33
Imazapic
175
7.92 abcd
26.25
3.00
1.25
61.75
0.00
16.92
11.83
71.33
Imazapic
210
3.50 bcd
36.58
2.42
4.92
53.00
0.00
16.75
10.75
72.58
Sulfosulfuron
70
1.58 d
35.17
2.42
1.25
59.75
0.00
14.75
13.42
71.83
Rimsulfuron
53
1.17 cd
35.75
5.08
3.33
55.00
2.17
17.58
9.17
71.17
P value
0.0309
0.1680
0.6766
0.3070
0.6104
0.4626
0.9940
0.9284
0.9947
a
Means in the same column followed by the same letter are not significantly different according to Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to sup-plots once in October 2010.
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Table 2-11. Density of downy brome in response to sub-plot
treatments applied fall 2010 to downy brome infested rangeland at
the Josie Morris Ranch, Dinosaur National Monument, 9 MAT.
Sub-plot treatmentsb

Rate
g ai ha-1
-70
105
140
175
210
70
53

Downy brome
stems m-2 ______________
Untreated
1238 a
Imazapic
470 b
Imazapic
222 c
Imazapic
145 cd
Imazapic
103 de
Imazapic
43 ef
Sulfosulfuron
19 fg
Rimsulfuron
2g
P value
<0.001
a
Means in the same column followed by the same letter are not significantly
different according to Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to sup-plots once in October 2010.
______________
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Table 2-12. Biomass (g m-2) of downy brome, perennial grass, and forbs in response to
sub-plot herbicide treatments applied fall 2010 to downy brome infested rangeland at
Echo Park, Dinosaur National Monumenta, 9 and 20 MAT.
Biomass 9 MAT
Biomass 20 MAT
Sub-plot
Downy
Perennial
Downy
Perennial
treatmentsb
Rate
brome
grasses
Forbs
brome
grasses
Forbs
_______________
________________
g ai ha-1
g m-2 ______________
g m-2 _________________
Untreated
-67.87 a
325.14 a
113.53
2.26 a
29.41
16.20
Imazapic
70
15.79 b
381.67 a
99.04
0.32 b
28.18
7.97
Imazapic
105
9.03 bc
292.78 ab
193.07
0.22 b
29.47
12.66
Imazapic
140
7.99 bc
307.53 ab
112.50
0.08 b
28.96
10.25
Imazapic
175
4.97 c
373.90 a
99.17
0.12 b
46.99
13.30
Imazapic
210
20.18 b
292.92 a
144.34
0.11 b
36.95
8.39
Sulfosulfuron
70
3.52 c
203.35 b
146.81
0.03 b
29.38
18.18
Rimsulfuron
53
0.87 c
323.22 ab
102.60
0.00 b
32.34
13.04
P value
< 0.001
0.0523
0.4900
0.0001
0.8326
0.8599
a
Means in the same column followed by the same letter are not significantly different according to
Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to sup-plots once in October 2010.
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Table 2-13. Biomass (g m-2) of downy brome, perennial grass, and forbs in response to
sub-plot herbicide treatments applied fall 2010 to downy brome infested rangeland at
the Josie Morris Ranch, Dinosaur National Monumenta, 20 MAT.
Biomass
Perennial
Russian
Rate
Downy brome
grasses
Forbs
knapweed
__________________________________
g ai ha-1
g m-2 _________________________________
Untreated
-4.13 a
20.18 b
0.78
18.85
Imazapic
70
3.29 ab
15.74 b
0.73
2.48
Imazapic
105
1.87 bc
236.01 a
1.12
2.30
Imazapic
140
1.77 abc
20.76 b
1.33
2.95
Imazapic
175
0.92 bc
25.89 b
0.97
0.83
Imazapic
210
0.80 c
33.22 ab
1.68
3.93
Sulfosulfuron
70
0.02 d
36.52 ab
1.10
2.68
Rimsulfuron
53
0.14 d
54.45 a
2.86
14.29
P value
<0.0001
0.0164
0.9637
0.2434
a
Means in the same column followed by the same letter are not significantly different according to
Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to sup-plots once in October 2010
Sub-plot
treatmentsb
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Figure 2-1. Total monthly precipitation recorded at the Jensen, Utah weather station (11
km from the Josie Morris Ranch research site) for 2010, 2011, and 2012 compared to a
50 year monthly average.
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Figure 2-2. Total monthly precipitation recorded at the Dinosaur, Colorado weather
station (27 km from the Echo Park research site) for 2010, 2011, and 2012 compared to a
48 year monthly average.
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CHAPTER 3
RESPONSE OF FOUR WEEDY GRASSES TO PREEMERGENCE APPLICATIONS
OF THREE HERBICIDES

Abstract

Invasive annual grasses are problematic in rangelands because of their ability to
reduce livestock grazing capacity of a landscape, decrease ecosystem biodiversity, and
their effect on increasing incidence of wildfires. Downy brome (Bromus tectorum L.),
medusahead (Taeniatherum caput-medusae (L.) Nevski), feral rye (Secale cereale L.),
and foxtail barley (Hordeum jubatum L.) have similar characteristics and life cycles and
are prevalent throughout the western United States. Recent observations and research
have indicated that herbicides traditionally used to control broadleaf weed species may
have activity on annual grasses. Two experiments were designed to evaluate the effects
of aminopyralid and aminocyclopyrachlor, two growth regulator herbicides, on the
germination, emergence, and growth of these four invasive grass species in comparison to
imazapic, an ALS-inhibiting herbicide commonly used for invasive annual grass control
in rangelands. Controlled environment trials in petri dishes, where the seeds were
directly exposed to the herbicides, and greenhouse trials where seeds were grown in field
soil were conducted. Aminopyralid and aminocyclopyrachlor caused as great an effect,
or greater, in the reduced germination, emergence, and growth of all species than did
imazapic.
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Introduction

Preemergence herbicides can be particularly important in limiting the ability of
annual grasses to gain (or regain) dominance through prolific seed production (Hirsch et
al. 2012; Klemmedson and Smith 1964; Upadhyaya et al. 1986). Typically, amino acid
synthesis (ALS) inhibitor herbicides such as imazapic have been used to control annual
grasses in both crop and rangeland. However, recent studies have shown that
aminopyralid and aminocyclopyrachlor, synthetic auxin herbicides typically used for
broadleaf weed control, have potential in reducing stands of annual grasses (DiTomaso
and Kyser 2011; Kniss and Lyons 2011; Kyser et al. 2012; Rinella et al. 2010a,b; Rinella
et al. 2013).
Aminopyralid, a plant growth regulator herbicide commonly used on broadleaf
weeds, is showing potential for use in controlling exotic annual grasses (Rinella et al.
2010a). In studies conducted by Rinella et al. (2010b), when applied postemergence,
aminopyralid reduced the amount of seed produced by Japanese brome (Bromus
japonicas Thunb. Ex Murr.), yet little injury to perennial grasses occurred. DiTomaso
and Kyser (2011) showed that preemergence applications of aminopyralid to medusahead
(Taeniatherum caput-medusae (L.) Nevski), at 131 g ae ha-1 or higher, reduced seedling
vigor by 85%. Kyser et al. (2012) also showed that aminopyralid had a negative effect on
annual grasses, specifically medusahead, when applied preemergence or early
postemergence. These timings correspond to the fall timings for the most effective
control of Russian knapweed (Acroptilon repens (L.) DC.) with aminopyralid (Enloe et
al. 2008). In the Cub Creek Watershed of Dinosaur National Monument, it was noticed
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that downy brome was suppressed for one year after Russian knapweed was treated with
aminopyralid post seed production (Tamara Naumann, personal communication).
Growth regulator herbicides can sterilize cereal grasses if applied after joint
formation but before seed formation (Rinella et al. 2013). Rinella et al. (2013) showed
that applications of aminopyralid at full and half rates (120 and 69 g ae ha-1) to downy
brome at various stages of growth postemergence and preflowering could reduce downy
brome seed production by 55 to 80%.
Another synthetic auxin herbicide with potential activity on annual grasses is
aminocyclopyrachlor (DPX-MAT28). Aminocyclopyrachlor has activity on many annual
and perennial broadleaf weeds, and variable activity on grasses, and is used in
nonagricultural areas, industrial sites, and natural areas (Finkelstein et al. 2009; Kniss and
Lyon 2011). In studies with winter wheat (Triticum aestivum L.), Kniss and Lyon (2011)
showed that aminocyclopyrachlor applied 2 to 4 months before planting reduced yield
(seed production) without significantly reducing biomass. While sterilization is a
problem in wheat crops, reducing seed production in downy brome with little reduction
of biomass may aid the shift of plant communities to a more desirable state by depleting
the short lived seed bank quickly (Rinella et al. 2013).
While much research is being done on the response of downy brome (Bromus
tectorum L.) and medusahead to preemergence and early postemergence applications of
growth regulator herbicides, there has been little to no research on the response of feral
rye (Secale cereale L.) and foxtail barley (Hordeum jubatum L.), two other weedy
grasses to these herbicides.
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Medusahead, feral rye, and foxtail barley have similar life cycles to downy
brome, germinating in the autumn and maturing quickly in the spring (Best et al. 1978;
Young 1992; White et al. 2006). Feral rye seed size and density is similar to wheat,
making contamination of wheat fields one of the main concerns of this weed; however,
because of its tolerance to drought, cold, and other adverse conditions, it can be a
problem in non-crop areas as well (White et al. 2006). Like downy brome, medusahead
and foxtail barley caropyses have long awns that may become embedded in the facial
areas of livestock and game animals, contributing to losses in pastures and rangelands
(Best et al. 1978; Young 1992).
The objective of this research was to evaluate the response of four weedy grasses
to the growth regulator herbicides aminopyralid and aminocyclopyrachlor in comparison
to imazapic, a commonly used ALS-inhibitor herbicide in managing invasive grass
species in rangelands.

Materials and Methods

Greenhouse trials were conducted to evaluate the germination response of the four
weedy grasses to preemergence applications of aminopyralid (Milestone, 240 g L-1, Dow
AgroSciences, 9330 Zionsville Road, Indianapolis, Indiana) and aminocyclopyrachlor
(DPX-MAT28 [6-amino-5-chloro-2-cyclopropyl-4-pyrimideinecarboxylic acid], DuPont,
1007 Market Street, Wilmington, Delaware), two broadleaf herbicides used in
rangelands, in comparison to imazapic (Plateau, 240 g L-1, BASF Corporation, 26 Davis
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Drive, Research Triangle Park, North Carolina), one of the most widely used choices for
controlling annual grass weeds in rangelands.
Trial establishment. Downy brome seed from Dinosaur National Monument,
UT (40°25’25.46” N, 109°10’30.79”W, 1618 m [5308 ft] elevation) was used in this trial.
Foxtail barley, medusahead, and feral rye seed were collected at maturity in summer and
fall 2011 from various sites in northern Utah: foxtail barley seed from Cache Junction
(41°48’56.00”N, 111°59’5.59” W, 1351 m [4432 ft] elevation), medusahead from
Paradise (41°31’24.36”N, 111°44’15.47”W, 1660 m [5447 ft] elevation), and feral rye
from North Logan (41°46’2.76”N, 111°46’51.57”W, 1523 m [4998 ft] elevation). All
seeds were cleaned by hand using a textured rubber mat. Feral rye seed was removed
from the palea and lemma, and chaff was removed using an air blower. Caryopses of
medusahead, foxtail barley, and downy brome were kept intact, with the exception that
awns of medusahead and foxtail barley were clipped off for ease in handling. Seeds of
each species were randomly selected and divided into four replicates of 20 seeds each for
every herbicide rate and for an untreated control. Seeds of all species were evaluated for
sensitivity to herbicides.
Two trials were established to evaluate response of seeds to herbicide treatments:
1) petri dishes trial and 2) a greenhouse trial using field soil. In the petri dish trial, seeds
were placed in 9 cm petri dishes on #3 Whatman filter paper. Treatments were applied
directly to the seeds. After spraying, 5 mL water was applied to each dish and lids were
replaced and sealed with parafilm. Seeds in petri dishes were germinated in a dark lab
where the temperature remained at 20 to 25 C. In the greenhouse trial, seeds were placed
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on the soil surface in 0.6 L pots of a Millville silt loam field soil and lightly covered with
soil. Treatments were applied to the soil surface. Pots were lightly watered, and placed
in a greenhouse where temperatures ranged from 23 to 26 C. Additional water was
applied as needed (usually twice a day) to prevent drying out.
In both trials, aminopyralid was applied at 123 g ae ha-1 and 245 g ae ha-1,
imazapic at 105 g ai ha-1 and 210 g ai ha-1, and aminocyclopyrachlor at 140 g ai ha-1 and
at 280 g ai ha-1. Treatments were applied pre-germination to seeds in both the petri dish
and field soil trials with a chamber sprayer calibrated to deliver 225 L ha-1.
Data collection. In the petri dishes, seeds were evaluated 7 days and 14 days
after treatment (DAT). Seeds were counted as germinated when the radicle or shoot had
emerged a minimum of 3 mm from the seedcoat (Buman and Abernathy 1988). At the
end of the germination period, visual evaluations were used to rate shoot vigor as a
percent of the untreated control on a scale from 0 to 100 % (0 = dead, 100 = no injury),
lengths of roots and shoots from germinated seedlings were measured and shoots were
harvested for biomass. Harvested biomass was dried at 26 C for 36 to 48 hours.
Seeds grown in pots were evaluated 7, 14, 21, and 28 DAT. Evaluations included
emergence counts, vigor ratings through visual evaluations as a percent of the untreated
control on emerged plants, height measurements and collection of above-ground biomass.
Each trial, petri dish and greenhouse, was repeated in time.
Data analysis. Data measurements were converted to a percent of the untreated
to account for innate differences in germination and growth among species. Formatting
the data this way allowed for comparisons of treatments across species. Data were
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analyzed in ANOVA using SAS (SAS version 9.3, SAS Institute, Cary, NC 27513) and
tested for normality and homogeneity of variance. Run was not a significant factor, so
data was combined for each method. When appropriate, square root, log, or cube root
transformations were applied to data. In some cases normality and constant variance
were not improved by the transformations, but the data are included regardless.
However, for clarity, the raw data are presented in all cases. Treatment means were
separated using Fishers Protected LSD (P < 0.05).

Results

Petri dish experiment. The effects of herbicides on the germination, shoot and
root length, and total biomass of the four weedy grass species grown in petri dishes are
presented in Table 3-1. None of the treatments had a significant effect on germination of
feral rye or medusahead; however, aminopyralid resulted in the greatest reduction of
germination for foxtail barley. Downy brome germination was reduced compared to the
control, though not significantly, by the low rate of aminopyralid as well as both rates of
aminocyclopyrachlor.
Shoot length of downy brome, foxtail barley, and medusahead was reduced by all
herbicide treatments at all rates, with the greatest reduction in shoot length in the
aminopyralid and aminocyclopyrachlor treatments. Feral rye shoot length was reduced
similarly by aminopyralid and aminocyclopyrachlor, but did not differ significantly from
the control in the imazapic treatments.
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Root length data showed the strongest effects. Downy brome root length was
significantly decreased by all treatments, with the biggest difference from the untreated in
the aminopyralid and aminocyclopyrachlor treatments that reduced root length to less
than 1% of the untreated. A similar pattern was seen in the other species, with root
length showing the most significant decrease in the aminopyralid and
aminocyclopyrachlor treatments. Imazapic also reduced root length as compared to the
untreated, though not to the extent of the aminopyralid or aminocyclopyrachlor
treatments, in downy brome, feral rye, and foxtail barley, but not in medusahead.
Biomass of downy brome was significantly lower than the control in the
aminopyralid and aminocyclopyrachlor treatments, but was not significantly different in
the imazapic treatments. Feral rye biomass appears to be stimulated by both rates of
imazapic; however, this increase in biomass is not significantly different than the control
or any of the other treatments. Biomass of foxtail barley was reduced significantly by the
aminopyralid and the aminocyclopyrachlor treatments. Medusahead biomass was
reduced significantly compared to the control by the aminopyralid treatments and the
high rate of aminocyclopyrachlor.
Soil grown experiment. In the soil grown experiment, rather than quantify
germination, emergence of seedlings was counted. Effects of the herbicides on
emergence, as well as on shoot length and biomass of the four weedy grass species grown
in soil are presented in Table 3-2.
Similar to the germination data in the petri dish experiment, emergence of feral
rye and medusahead was not significantly reduced by any of the treatments. Downy
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brome emergence was significantly lower than the untreated in all treatments except for
the low rate of aminocyclopyrachlor, and was lowest in the low rate of aminopyralid and
the high rate of imazapic. Foxtail barley emergence was only significantly reduced by
the high rate of aminopyralid.
Shoot length was significantly reduced compared the control in all species by all
treatments. For downy brome, feral rye, and medusahead, the greatest reductions in
shoot length occurred in the imazapic treatments. For foxtail barley, shoot length was
decreased similarly by both imazapic treatments and the high rates of both aminopyralid
and aminocyclopyrachlor.
Unlike the results of the petri dish experiment, biomass was significantly reduced
in all species by all treatments in the soil grown experiment. Downy brome biomass was
reduced most significantly by the aminopyralid and imazapic treatments. Feral rye
biomass reduction was the greatest in the pots treated with the high rates of all three
herbicides. Foxtail barley showed similar results to the downy brome, and medusahead
biomass was most significantly reduced by the high rate of aminopyralid as well as both
rates of imazapic.

Discussion

The petri dish experiment represents an unlikely scenario where seeds would be in
direct contact with the herbicide, but allows for observation of germination and root
growth. The results from the soil experiment could be expected to vary if another soil
type was used based on the way that pH, organic matter content, texture, and other soil
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properties affect herbicide behavior. Hirsch et al. (2012) studied the effect of two rates
each of imazapic and rimsulfuron on the emergence of downy brome from two different
soils. In the coarse-loamy soil with lower organic matter, lower CEC, and higher pH
there was lower soil adsorption, and consequently more leaching, which resulted in less
exposure of the seeds to herbicide and decreased effect on emergence (Hirsch et al.
2012). The results from the Hirsch et al. (2012) study indicate that the results from our
experiment may also vary when weed management occurs on soils other than a Millville
silt loam.
Germination and emergence of the four grass species were the factors least
affected by any of the herbicides in either experiment. Emergence from the soil was
generally more inhibited by the herbicides than was germination itself, except in the case
of foxtail barley. However, even though germination or emergence was not greatly
reduced, overall growth of all four grass species was decreased by all herbicide
treatments.
Previous studies have shown that imazapic, among other imidazolinone
herbicides, is primarily dissipated in the environment through microbial degradation, but
that photolysis in water may also contribute to its degradation (Hirsch et al. 2012; Loux
and Reese 1993; Senseman 2007; Ulbrich et al. 2005). In the petri dish experiment, the
imazapic treatments resulted in the least significant effects on germination and growth of
the four grasses. This might be due to the photodegradation of imazapic in water, even at
the short intervals of light the petri dishes would have received when germination counts
were being made.
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Feral rye was the least affected by any of the herbicides, especially in the soil
experiment, perhaps due to its larger seed size (Harvey 1974). Larger seed size has the
advantage of large reserves which contributes to faster growth (Harper et al. 1970). In
addition to contributing to faster growth, larger seed size may have also contributed to
feral rye’s ability to avoid or overcome the effects of the herbicides. However, more
studies are necessary to understand the underlying plant traits responsible for
preemergence herbicide injury and the influence of soil and chemical properties that
influence germination and emergence (Hirsch et al. 2012).
Due to the short duration of the experiments, it is unknown what the prolonged
herbicide effects, especially on seed production, would be. Further research, including
extended greenhouse screening and field trials, is necessary to investigate these effects.

Management Implications

Results from these experiments suggest that certain growth regulator herbicides
can have as great an effect, or greater, on reducing growth of annual grasses as does
imazapic, and could be considered as a tool in managing invasive grasses in combination
with managing broadleaf weeds.
At Dinosaur National Monument, particularly at locations such as the Josie
Morris Ranch where both Russian knapweed and downy brome are priorities for
management, using auxin-type herbicides may have an important place in a management
plan. In previous research conducted at Dinosaur National Monument, it was shown that
aminopyralid applied at 105 g ae ha-1 reduced Russian knapweed foliar cover to >1%. At
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this rate, in the soil experiment, downy brome emergence was reduced by 50% of the
control. While a 50% reduction in downy brome seedling emergence doesn’t necessarily
translate into an equal reduction in downy brome cover, it may be sufficient to allow
desirable grasses to establish with less competition and there-by direct the community
toward a more desired state (James et al. 2010).
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Table 3-1. Comparison of species germination, shoot length, root length, and biomass
response to herbicides from trials conducted in petri dishes on filter papera.
Treatmentb
Untreated
Aminopyralid
Aminopyralid
Imazapic
Imazapic
Aminocyclopyrachlor
Aminocyclopyrachlor

Treatment
Untreated
Aminopyralid
Aminopyralid
Imazapic
Imazapic
Aminocyclopyrachlor
Aminocyclopyrachlor

Treatment
Untreated
Aminopyralid
Aminopyralid
Imazapic
Imazapic
Aminocyclopyrachlor
Aminocyclopyrachlor

Germination
Feral rye
Foxtail barley
Medusahead
__________________________
% of untreatedc _________________________
100 ab
100 ab
100 ab
100 ab
89 c
100ab
45 f
101 ab
97 abc
100 ab
43 f
102 ab
100 ab
100 ab
68 de
103 a
96 abc
99 abc
76 d
104 a
92 bc
99 abc
66 de
102 ab
89 c
99 abc
58 e
101 ab

Rate
g ai/ae ha-1
--123
245
105
210
140
280

Downy brome

Rate
g ai/ae ha-1
--123
245
105
210
140
280

Downy brome

Rate
g ai/ae ha-1
--123
245
105
210
140
280

Downy brome

Shoot length
Feral rye
Foxtail barley
Medusahead
__________________________
% of untreated _________________________
100 a
100 a
100 a
100 a
21 de
50 de
29 de
13 e
20 e
45 de
17 e
11 e
74 c
103 a
84 b
90 b
79 c
104 a
79 b
90 b
33 de
54 d
32 de
25 de
25 de
51 d
27 de
16 e
Root length
Feral rye
Foxtail barley
Medusahead
__________________________
% of untreated _________________________
100 a
100 a
100 a
100 a
0e
2 de
1 de
9d
0e
1 de
0e
8 de
68b
48 c
65b
107 a
64 b
45 c
63 b
107 a
1 de
4 de
2 de
9d
0e
2 de
0e
6 de

Biomass
Rate
Downy brome
Feral rye
Foxtail barley
Medusahead
__________________________
g ai/ae ha-1
% of untreated _________________________
Untreated
--100 abcd
100 abcd
100 abcd
100 abcd
Aminopyralid
123
38 efgh
81 abcdef
6h
26 gh
Aminopyralid
245
38 efgh
71 bcdefg
7h
25 gh
Imazapic
105
97 abcd
123 abc
73 bcdefg
124 ab
Imazapic
210
92 abcde
134 a
74 bcdefg
109 abcd
Aminocyclopyrachlor
140
65 defg
88 abcdef
25 gh
68 cdefg
Aminocyclopyrachlor
280
36 fgh
83 abcdef
10 h
35 fgh
a
Means in each section of the table followed by the same letter are not significantly different according to
Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to seeds in 9 cm petri dishes on filter paper.
c
Percent of untreated data was calculated separately for each species.
Treatment
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Table 3-2. Comparison of species emergence, shoot length, and biomass response to
herbicides from trials conducted in silt loam soil in the greenhousea.
Treatmentb
Untreated
Aminopyralid
Aminopyralid
Imazapic
Imazapic
Aminocyclopyrachlor
Aminocyclopyrachlor

Treatment
Untreated
Aminopyralid
Aminopyralid
Imazapic
Imazapic
Aminocyclopyrachlor
Aminocyclopyrachlor

Emergence
Feral rye
Foxtail barley
Medusahead
__________________________
% of untreatedc _________________________
100 a
100 a
100 a
100 a
54 c
94 a
76 ab
89 a
59 bc
98 a
48 c
78 ab
59 bc
94 a
102 a
104 a
51 c
86 ab
77 ab
100 a
85 ab
98 a
85 ab
102 a
73 b
94 a
80 ab
102 a

Rate
g ai/ae ha-1
--123
245
105
210
140
280

Downy brome

Rate
g ai/ae ha-1
--123
245
105
210
140
280

Downy brome

Shoot length
Feral rye
Foxtail barley
Medusahead
__________________________
% of untreated _________________________
100 a
100 a
100 a
100 a
50 cd
63 c
40 d
43 d
39 d
48 d
30 de
28 de
21 ef
37 de
36 de
25 ef
18 ef
30 de
35 de
23 ef
86 b
63 c
66 c
66 c
62 c
52 cd
39 de
48 d

Biomass
Rate
Downy brome
Feral rye
Foxtail barley
Medusahead
__________________________
g ai/ae ha-1
% of untreated _________________________
Untreated
--100 a
100 a
100 a
100 a
Aminopyralid
123
7 de
40 b
11 d
15 d
Aminopyralid
245
5 de
21 cd
3 de
5 de
Imazapic
105
5 de
34 bc
16 d
10 de
Imazapic
210
3 de
21 cd
11 d
8 de
Aminocyclopyrachlor
140
49 b
39 bc
33 bc
45 b
Aminocyclopyrachlor
280
19 d
23 cd
11 de
21 cd
a
Means in each section of the table followed by the same letter are not significantly different according to
Fisher’s Protected LSD (P < 0.05).
b
Treatments applied to soil surface of 0.6 L pots.
c
Percent of untreated data was calculated separately for each species.
Treatment
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CHAPTER 4

SUMMARY AND CONCLUSIONS

Downy brome (Bromus tectorum) is a weedy grass of major concern in the
western United States, invading over 40 million hectares (Skinner et al. 2008). Despite
being so widespread, downy brome is present on the list of invasive species considered
for active management in Dinosaur National Monument, particularly in the Cub Creek
Watershed due to the presence of various threatened and endangered species as well as
the high historical significance of the area (NPS 2005).
Our research investigated combinations of mechanical and chemical methods
applied in the spring and chemical treatments in the fall of 2010 for reducing seed
production and overall cover of downy brome at two locations in Dinosaur National
Monument: the Josie Morris Ranch and Echo Park. Seed production was not
significantly reduced by either mowing or glyphosate applied in the spring at either
location, but germination of seeds was significantly decreased by mowing at both sites
and also by glyphosate at Echo Park.
Seven months after treatment (MAT) was the only instance of an interaction
between spring and fall treatments was at the Josie Morris Ranch. Mowing or glyphosate
alone in the spring provided nearly the same amount of control as the lowest rate of
imazapic (70 g ai ha-1) applied in the fall alone. Mowing or glyphosate in combination
with the lowest rate of imazapic resulted in the same reduction of downy brome cover as
the higher imazapic rates (110 to 210 g ai ha-1) and the sulfosulfuron rate (70 g ai ha-1).
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Combinations of mowing or glyphosate with the higher imazapic rates, sulfosulfuron, or
rimsulfuron resulted in less than 1% cover of downy brome.
In response to the herbicides applied in the fall, cover of downy brome was
reduced significantly from the control at both sites up to 1 year after treatment (YAT),
but only remained significantly less than the untreated 2 YAT at the Josie Morris Ranch
in the plots treated with sulfosulfuron, rimsulfuron, and the highest rate of imazapic (210
g ai ha-1).
These results suggest that in some situations it would be beneficial to employ an
integrated approach, using mechanical or chemical methods in the spring to reduce
downy brome seed production followed by preemergence chemical treatments in the fall
to further reduce downy brome cover. However, as also evidenced by these results, a
single treatment is generally not adequate to provide long term control of downy brome.
And climate, especially precipitation, plays an important role in recovery of invaded
rangelands.
Russian knapweed (Acroptilon repens (L.) DC.) is another weed of concern at
Dinosaur National Monument. After spot treatments of Russian knapweed with
aminopyralid, it was noticed that downy brome also seemed to be suppressed (Tamara
Naumann, personal communication). Other recent research has also indicated that
aminopyralid and aminocyclopyrachlor, both growth-regulator herbicides, may have
some activity on annual invasive grasses (Kniss and Lyons 2011; Kyser et al. 2007;
Rinella et al. 2010 a, b). Experiments were conducted to evaluate the effect of
aminopyralid and aminocyclopyrachlor in comparison to imazapic on germinating seeds
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of four weedy annual grasses: downy brome, medusahead (Taeniatherum caput-medusae
(L.) Nevski), feral rye (Secale cereale L.), and foxtail barley (Hordeum jubatum L.).
Herbicide trials conducted in petri dishes as well as in pots filled with field soil
indicated that aminocyclopyrachlor and aminopyralid had as great an effect, or greater, in
reducing germination, emergence, and growth of the four grass species as did imazapic.
Root growth was especially inhibited by the growth regulator herbicides. The results
from these trials imply that herbicides used to control broadleaf weeds may also be used
successfully in decreasing abundance of invasive annual grasses. Because growth
regulator herbicides may be detrimental to desirable forbs and shrubs, the most applicable
use of growth regulator herbicides in managing invasive annual grasses would be in
mixed stands of broadleaf and grass weeds (Rinella et al. 2013). Land managers may be
able to optimize applications of fall herbicides to target Russian knapweed or other
broadleaf perennial weeds that respond well to a late post-emergence application, yet still
be a preemergent application for the annual grass weeds.
As long as downy brome continues to be a problem on western rangelands, new
methods of managing it will need to be investigated and implemented. Unfortunately
there is no “silver bullet” to remove all of the downy brome. These two experiments,
both in the field and in the greenhouse, identify two more tools that may be used:
integrating traditional preemergence herbicide control with seed production prevention
methods and using growth regulator herbicides as additional management options for
annual grasses.
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